We have designed and studied a W-band OCDMA radio-over-fiber system. To increase the number of channels, optical encoding and decoding are utilized. The theoretical analysis of generation, modulation and optical encoding of a signal is presented. Also, to confirm the theoretical analysis, the transmission of the encoded signal, decoding and its detection is simulated. Two optical codes (m-sequence and quaternary phase shift) with different code lengths are used and the results are presented. Simulation results for each set of codes are compared and the performance of each code is evaluated in the final bit error rate measurements. The quaternary phase shift codes show almost 20 dB of BER gain compared to m-sequence. In addition, the number of channels that are accommodated by the quaternary phase shift codes are more than four times the m-sequence code with the same length. The stability of the system is improved by using a low-frequency sinewave generator to modulate the signal to the W-band. Also, the capacity and reach of the system are improved while the cost and complexity are reduced by eliminating the necessity of using a high-frequency sinewave generator in the modulator. This system simultaneously guarantees increased capacity and reach for a radio-over-fiber network.
Introduction
The introduction of data services and applications that require higher bandwidth and augmented bitrates is dramatically increasing 1, 2, [19] [20] [21] . Services such as live broadcasting and video streaming demand a larger bandwidth along with minimal latency and enhanced reliability 3 .
Thus, the mainstream of the future mobile communication is governed by how much bandwidth can be dedicated to such services and therefore how the capacity of the network can be improved to keep up with the growing demand for bandwidth. An effective method to increase the capacity of a network is to migrate to higher frequency bands. The millimeter wave region has promising features that can accommodate large capacity at frequencies in the V-and W-band region 4, [19] [20] [21] .
Also, it offers enhanced security based on its narrow beam width antenna and higher attenuation in the free space propagation, making it only available across its designated coverage area [5] [6] [7] .
Copyright© Tech Science Press 174
The latter can be overcome by the introduction of radio-over-fiber (RoF) techniques in which a millimeter wave signal (radio frequency wave) can be transmitted through the optical fiber to effectively increase the propagation distance compared to the free space propagation 8 .
Radio-over-fiber guarantees mobility with an acceptable level of quality of service (QoS) in combination with other methods such as free space optics (FSO) or visible light communication.
Moreover, since RoF can transmit a large capacity of data (multi-Gb/s) through optical fiber, it has an outstanding advantage over lower frequency bands. [23] [24] [25] There are several millimeter wave generation methods that have been suggested in the literature [9] [10] [11] [12] [27] [28] [29] 38 . Yang et al. investigated a myriad of methods to generate millimeter waves including the OSSB modulation through a dual-electrode Mach Zehnder modulator (DE-MZM).
Also, Yang et al. explained that this method is based on WDM demultiplexing where two coherent optical carriers are used to generate radio frequency to be transmitted through the fiber 24 . Bekkali and Nishimura 25 suggest a coherent RoF system to transmit high-capacity millimeter wave links as a backup fiber network to increase the resilience as well as transmission distance. The most common method of millimeter wave generation is by passing the baseband laser signal through a Mach Zehnder modulator (MZM) that is driven by the signal generator working at the desired millimeter wave frequency 12, 14, 25, [28] [29] . In this method, the baseband signal is directly up-converted to the higher millimeter wave bands. However, this method requires high-frequency (in the millimeter wave region) signal generators that are stable and precise.
The utilised method of signal generation for this work is based on tandem DE-MZM that are driven by signal generators operating at frequencies below 30 GHz 14 . The reason that a tandem DE-MZM is used is to increase the spectral efficiency and to use both side bands to transmit two individual signals per side band. Plus, the scheme used to create multiple harmonics will enable
Copyright© Tech Science Press 175 the designer to dynamically switch the select carriers and to change the millimeter wave signal without needing to change the oscillators. This method of generation increases the spectral efficiency, flexibility, and the stability of the system. To generate the millimeter wave signal at the desired frequency, two signal components with the frequency difference equal to the millimeter wave frequency of choice are selected and transmitted through the fiber to the receiver. On the receiver's side, they are heterodyned at a photodiode to generate the desired millimeter wave signal.
Also, the optical code division multiple access (OCDMA) can assist in increasing system capacity by applying optical coding to the signals. The application of OCDMA introduces a specific orthogonal optical code for each channel. With this technique, a single wavelength can be shared between more than one channel (depending on the length of the code) and thus increase the capacity of the system multifold [12] [13] [14] . Also, it contributes to the security of the transmission as only the matching codes can decode the encoded signals. Therefore, only authorized channels can have access to their individual signals and thus, the decoded signals for an unauthorized channel would be noise.
Erdogan gave a comprehensive analysis of the superstructure fiber Bragg grating (SSFBG) and its significance in encoded and decoding signals optically for OCDMA systems 26 . In addition, Dai et al compared the performance of 0/π-phase-shift SSFBG and ± π/2-phase-shifted SSFBG in terms of the security, coding and system preferences. Researchers discussed different codeword assignments to SSFBGs 34 while other papers discuss various other properties of encoding with SSFBGs such as different codes 32, 33, 35 , error probability [36] [37] and the quality of encoded signals' profile for different settings [39] [40] .
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In this paper, we have analyzed optical signal generation, modulation and optical encoding and then we studied the results obtained from software simulation of the signal's transmission through a 50-km length of optical fiber and observed the effectiveness of optical encoding/decoding in increasing the number of channels. In addition, we have investigated the effects of two different sets of optical codes that are encoded in a SSFBG device to increase the number of channels to six 13, 22 . The contribution of this work is the analysis and simulation of such optically encoded radio-over-fiber systems that operate at W-band frequencies (84 GHz) with optical codes chosen from m-sequence and quaternary phase shift code families. The novelty of the paper is in the incorporation of optical encoding (using both m-sequence and quaternary phase shift codes) with W-band radio-over-fiber communication. There is no previous work that has used OCDMA techniques for W-band signals that utilize quaternary phase shift codes and m-sequence codes as the optical encoding formats 2 Theoretical Analysis Fig. 1 illustrates a detailed schematic of the system that is analyzed for an optical signal. The optical signal generated by a Continuous Wave laser has the mathematical expression of the form:
Then this E is fed to the input of the first DE-MZM. The upper arm is biased by a dc voltage source of 2 and the lower arm is connected to the ground. The dc voltage difference between the two arms is set at 2 which means that the first DE-MZM is biased at the quadrature point. The output of the first DE-MZM will be:
Where a1 =
, ωrf1 = 2πf1 and ωrf2 = 2πf2. By introducing Jacobi-Anger expansion derivations from the Bessel functions ( ), we can rewrite (2) to a more intuitive format: and a π-phase shifted replica of the upper arm's signal source. The dc voltage difference between the two arms is Vπ, which means the second DE-MZM is biased at the null point.
The output of the second DE-MZM will be:
By rewriting (4) using the Jacobi-Anger expansion derivations from the Bessel functions, we will have:
Now if we expand (5) by using the Bessel functions and filtering out the terms that do not contribute to the two carriers at 1552.97 nm and 1553.65 nm the output is:
Where, (ω 2 ± ω 3 ) relates to the uncoded component's frequency and (ω 1 ± ω 3 )
are the frequency components of the data modulated signal. The modulated portion of (6) becomes:
Therefore, the data modulated component is directed to the single-electrode MZM (SE-MZM)
for data modulation. 
After being data-modulated, the signal is passed to the SSFBG device to be optically encoded.
The impulse response of the SSFBG (for the encoder configuration, h ) is shown below [15] [16] :
Where, h ℎ (t) is each segment of the code's impulse response, a , and φ , are amplitude and phase components defined by the code and finally δ(t -kt ℎ ) is the pulse train separated by the length of each segment tch. The encoding happens in the variations of phase between two consecutive segments of the code (exp ( φ , )) . Depending on the level of variation (two level: 0 and π or four level: 0, π/2, π and 3π/2), the phase shifts are translated into different optical profiles of the encoded modulated optical signal. To decode the signal, these variations are identically kept but simply inversed to convert the encoded optical profile into the original profile before encoding.
The bit error rate of an OCDMA system employing SSFBGs for encoding/decoding where the signal is time-spread after encoding is given by the following equation [30] [31] [32] .
Where Eb is the bit energy, N0/2 is the two-sided spectral density of an additive white Gaussian noise (AWGN) channel noise process, φ is the normalized (zero mean unit variance) Gaussian cumulative distribution function, K is the number of simultaneous users, and rk,i is a function of the aperiodic autocorrelation functions Ck, k(l) = Ck (l) and Ci, i(l) = Ci(l) of the codes k and i 33 defined as:
Optical Encoding
To investigate the effect of coding schemes on the output of the system as well as different system characteristics, we introduced another method of encoding to the optical pulse to fulfil the requirements of OCDMA signal expansion. Also, optical encoding will help to increase the capacity of the system by accommodating more channels. But there is a trade-off between the length of the code (latency of the system) and the number of channels that are added to the system. The ideal case is a relatively short code (less number that generates a larger number of codes with enhanced cross-correlation characteristics that can be assigned to different channels.
In addition, when an encoded signal is decoded with a code profile other than its designated encoded profile, the output would contain a noise-like series of peaks and dips with no significant high-amplitude peak to represent a digital '1'. Thus, with this scheme, all the digital '1's in the data set generated from the PRBS and shaped by the Gaussian wave generator will be detected if the signal is passed through the correct decoder. Otherwise '1' will be detected as '0'.
The optical encoding in a SSFBG device accommodates the optical signal's seamless transmission across the network without needing any electrical/optical or optical/electrical conversion. Any conversion between optical and electrical domain and vice versa would attenuate the signal power significantly as well as imposing a lot of noise in the O/E and E/O conversion process. Also, another advantage of encoding/decoding in SSFBG would be is its very small footprint compared to electronic encoders. Finally, the phase shift between two consecutive segments can be controlled more accurately than electronic encoders since SSFBGs introduce a relatively precise phase shift based on the refractive index change and their length.
However, the disadvantage of SSFBGs are high cost of manufacturing and lack of flexibility.
Copyright© Tech Science Press 181
Once a code is etched on the device, it will be permanently there, so it can only be used for a certain code.
The codes used to encode the signal optically shall be etched to a SSFBG with appropriate length and features with an UV light with right power and frequency to prepare the SSFBG for encoding purposes. Thus, once etched, it can no longer be changed and used for another code. If another code should be used, that code has to be etched on a new SSFBG which a time consuming and costly process is. Therefore, this system is ideal for users that will use a certain code for a longer length of time before switching the hardware.
M-sequence codes
The m-sequence codes are well defined and used in the literature [12] [13] [14] . The type of codes that have been used in this research are unipolar codes (the phase shifts are two levels: 0 and π) with 31 segments. Table 1 shows the number of shift registers and the corresponding code segments for a m-sequence code. Per Table 1 , a 31-segment code can generate up to six codes that can accommodate six individual channels. These codes are listed in Table 2 . 
Quaternary phase shift codes
The studied alternative coding scheme here is called quaternary codes 18, 22 . These codes are like m-sequence codes except there are four phase levels associated with each code instead of two (0 or π). In this code, each segment can have a value from 0 up to 3 that each represent phase shifts equal to 0, π/2, π and 3π/2 respectively. Like m-sequence codes, this family of codes is generated in a series of shift registers with an initial value. Depending on the initial value (that can take four states), the resulting code would be different. Also, the position of feedback tabs (a3, a2, and a1) can be determined by the following equation where '0' is defined by ci = 4. In this equation, n and i are equal to the number of shift registers and phase levels respectively
For the case of this research, a 3-level shift register was chosen to generate codes with 7 segments (bits).
Therefore, there are two characteristic polynomials (1213 and 1323) generating the characteristic polynomial equation of f1(d) = 1d 3 + 2d 2 +1d + 3 for 1213 and f2(d) = 1d 3 + 3d 2 + 2d + 3 for 1323. Now, for these two polynomial equations, positions of the feedback tabs are a4 = 2a3 + 3a2 + a1 and a4 = a3 + 2a2 + a1 respectively. For a system with r = 3 shift registers, code length would be N = 2 r -1 = 7 and thus the number of generated orthogonal codes will be M = 2 r + 1 = 9. Nine codes are more than four times the number of codes generated by the same length code of the m-sequence (2 codes for code length of 7-segments) 18 . Also, since the code uses 4-level phase changes, the generated codes are more complex making it more difficult to be cracked. Table 3 summarises all nine codes that can be generated from a 3-level shift register quaternary phase shift code with the characteristic polynomial equation of f1(d) = 1d 3 + 2d 2 +1d
For the system that is presented in this research, only six codes (per six channels) are needed.
The criteria for selecting the six best codes out of nine generated codes are based on the performance of the codes in the system. The selected ones show a better bit error rate (BER) versus received optical power according to Fig. 7 . Therefore, the selected codes for this study are numbers 2, 4, 6, 8, and 9.
Comparison between M-sequence and Quaternary Phase Shift codes
First, we must realise that the length of the two families of codes is different. The length of the codes used in a system has a direct effect on the bit rate of the system to be able to perfectly decode and retrieve the codes. Thus, the longer the codes, the smaller the bit rate of the system will be. On the other hand, the length of the code also determines the number of the channels than can be accommodated in a system. Therefore, there should be a trade-off between these two important parameters in the system 13, 22 .
In the first family of codes (m-sequence codes), to be able to accommodate six channels, we had to design the number of segments according to Table 3 . Table 3 suggests that to be able to accommodate six channels, and using m-sequence codes, we must have a 31-segment code 17 . A 10 Gb/s system will provide 0.1 ns space for the encoded signal bit to expand (per DS-CDMA characteristics) and yet there will be no interference with the neighboring bit. However, for a Therefore, to maintain the pulse integrity after a 31-segment code expansion, we must either decrease the length of the Gaussian pulse or decrease the bit rate to 4 Gb/s (which will give a 0.25 ns space for expansion). In this research, to be able to decode such codes, by fixing the PRBS Gaussian pulse to a FWHM of 5.2 ps, the bit rate is set to be 4 Gb/s.
The advantage of this code is that the phase of the sequence is only changing between two levels (0 or π) and the generated codes have a good auto-and cross-correlation. This results in the decoded signals having a very distinct peak with negligible side-lobes. On the other hand, because of the increased number of segments, the SSFBG devices are bulkier and these codes introduce larger delays.
The other family of codes (quaternary phase shift codes) can accommodate more channels with shorter lengths from the SSFBG encoder / decoder. A 7-segment code can accommodate nine channels with codes while a 7-segment m-sequence code can only generate two orthogonal codes (see Table 2 ). Also, they have good auto-and cross-correlation and can easily operate at bit rates as high as 10 Gb/s (since their expansion is limited to only approximately 10 × 5.2 ps which is well within the range of 0.1 ns).
Also, quaternary phase shift codes introduce shorter delays compared to 31-segment msequence codes. However, they are more complex than m-sequence codes because they have four phase shift levels instead of two.
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Orthogonality of each set of codes
The selected codes (6 × 31-segment m-sequence and 6 × 7-segment quaternary phase shift codes) are selected from the entire range of codes that are possible with the specific segments mentioned. It means that out of all the possibilities to sequence codes in quaternary phase shift codes, the selected 9 codes show the best orthogonal with one another compared to the rest of other possible codes in Family A with the mentioned characteristic polynomial equation. Table 4 gives the orthogonality distance between each m-sequence code. By assuming π's as '1' and 0's as '0' in each sequence, the orthogonality of each sequence against other five sequences is calculated by a bitwise XOR multiplication and then XOR adding each bit by bit. In the final result, if there is an even number of differences between two sequences, the difference between two sequences is 0 and if odd, the difference is 1. 
Principle of Operation
As is illustrated in Fig. 2 The decoded profile has a distinct peak at '1's and insignificant amplitude at '0's (see Fig. 4 and 6). Therefore, the input bit sequence can be easily regenerated by the help of an optical hard limiter (OHL) having a correct threshold value.
Finally, at the end stage of detection, each decoded signal and uncoded component are heterodyned in an individual photodiode to generate the data modulated millimeter wave signal up-converted to 84 GHz. An electrical bandpass filter then separates the peak at 84 GHz and passes the signal to the detection and signal processing modules. In the case of retransmission through a millimeter wave antenna, the wireless propagation simulation of the detected signal after being filtered is not studied in this work mainly because of unavailability of the required
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wireless simulation models in the utilised software (VPI TransmissionMaker) and that the focus of the study is on radio-over-fiber propagation.
Link budget
The link budget for the entire system is:
(2 × DE-MZMs) + (2 × 1:2 optical couplers) + (~ 10 dB SSFBG loss) + (2 × 1:6 optical couplers) + (0.2 dB/ km × 50 km fiber attenuation)
Transmission impairments
The impairments that occur in the system affecting the received signal are rooted from and identified in three major sections of the system, the transmitter, the fiber, and the receiver. The major impairments in the transmitter side are the RIN of the laser, the modulation index of the DE-MZMs and SE-MZM, ASE noise of the amplifier, and the nonlinearity of the SSFBG device.
The fiber impairment is nonlinearities and the ASE noise of pre-amplification. However, the input power level to the fiber is designed to be below the threshold to avoid fiber nonlinearites to be invoked.
The major impairments at the receiver are the shot noise and the thermal noise of the photodiode plus the nonlinearity from the SSFBG in decoding the optical signal. The system's parameters are chosen so that these impairments are either compensated or are negligible so the signal propagation is not compromised by them are either compensated or are negligible so the signal propagation is not compromised by them.
Simulation Results
The simulation setup for this work was created in VPITransmissionMaker software version 9.7 from VPIPhotonics. Fig. 2 illustrates the setup. The simulation results for each set of codes are presented in the next two sections.
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M-sequence codes
The optical signal generated by the laser enters the first DE-MZM. According to the ac and dc voltage sources driving upper and lower arms of both modulators, the output spectrums of them have several components at different frequencies relative to the centre wavelength of the laser light. Fig. 3 demonstrates the output spectrum of the first and second DE-MZM. The output spectrum of first DE-MZM is directed to the second DE-MZM. Two frequency components that are marked are filtered with two bandpass filters (with a bandwidth of 150 MHz) to serve as the carriers that generate a millimeter wave signal at the photodiode. 
Quaternary Phase Shift codes
To evaluate the performance of the quaternary phase shift codes in the proposed system, the setup in Fig. 2 is used again. Also, the bit rate is fixed at 10 Gb/s. Again, the simulation results are only shown for four codes (code # 2 and # 6 for quaternary phase shift codes). However, the other five codes also show the same result. The encoded and decoded profiles, the BER versus the received optical power diagram, and finally the signal after detection in the photodiode and band pass filtering are illustrated in the following figures. Fig. 6 shows the encoded and decoded profiles of the data-modulated optical signals after passing through the SSFBG device that is encoded and decoded with the three codes from Table 3 . Finally, Fig. 7 illustrates the BER value versus the received power in dBm for all nine codes. Based on the performance of the codes, six codes are chosen to accommodate six channels in the system. On the one hand, the decoded signal is regulated by an Optical Hard Limiter unit (OHL) to equalize all the peaks' power levels to a maximum (the highest peak power) and thus, each peak's width is much narrower after the OHL. On the other hand, the BER measurement is performed after the signal is detected in a photodiode and is band pass filtered. Therefore, the
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BER figure of the quaternary phase shift codes shows around 20 dB improvement compared to the m-sequence codes. In addition, the structure, features, advantages and disadvantages of each of the code families are discussed. Based on the findings of this work, quaternary phase shift codes have obvious advantages over m-sequence codes because, i) a shorter length of the code can accommodate a larger number of channels, ii) the SSFBG device that encodes/decodes these codes is less bulky, iii) the codes are more complex because of having four levels, and iv) the cross-and auto-correlation of the encoded signals for all code sequences are better than the ones for the m-sequence.
Conclusion
In this study, a W-band OCDMA radio-over-fiber system is presented. The 84-GHz signal is generated by utilizing a tandem DE-MZMs. The theoretical analysis for the optical signal, after generation up until optically encoding in the SSFBG device, are presented. This system simultaneously transmits six encoded signals for six channels along with an unmodulated carrier through a 50-km length of fiber. Finally, simulation results of the photonic generation of a millimeter wave signal that is encoded and decoded by both sets of codes are presented. The theoretical analysis and the simulation results that are presented in this work can be used to design a system where a millimeter wave signal carries many channels of data to a destination.
The destination can be a millimeter wave antenna retransmitting the converted electrical signal.
The retransmitted millimeter wave over the air can be used to cover a micro/nano cell according to the upcoming mobile phone communication architecture.
Also, the guidelines suggested in this study defines a selection criterion to find a more effective and optimised set of optical codes for a given number of channels by simply choosing the number of segments of the SSFBG device.
In general, this study demonstrates that a system transmitting millimeter wave signals in the W-band window can carry encoded data of multiple channels to tens of kilometres farther without introducing any degradation to the signal format. This is also reconfirmed by the achieved BER versus received optical power curves for different optical code sets.
The continuation of this research will involve investigating the effect of increasing the number of channels by the introduction of the WDM technique on the encoded/ decoded profile and the BER of the received optical signal. Also, alternative quaternary phase shift codes with increased code length and the different characteristic polynomial equation, can be implemented to enhance the capabilities of the system. 
